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Two sets of diamond specimens compressed at 2 GPa at temperatures varying between 1060 K and 1760 K
were prepared; one in which graphitization was promoted by the presence of water and another in which
graphitization of diamond was practically absent. X-ray diffraction peak profiles of both sets were analyzed for
the microstructure by using the modified Williamson–Hall method and by fitting the Fourier coefficients of the
measured profiles by theoretical functions for crystallite size and lattice strain. The procedures determined
mean size and size distribution of crystallites as well as the density and the character of the dislocations. The
same experimental conditions resulted in different microstructures for the two sets of samples. They were
explained in terms of hydrostatic conditions present in the graphitized samples.
DOI: 10.1103/PhysRevB.66.094106 PACS number~s!: 61.72.Dd, 61.72.Lk, 81.05.Uw, 61.50.KsI. INTRODUCTION
The mechanism of graphitization of diamond has been
extensively studied and the results can be summarized as
follows. The rate of diamond-to-graphite phase transition in-
creases with increasing temperature. To slow down this pro-
cess, high pressure can be applied. At sufficiently high pres-
sures diamond is the stable form of carbon and graphitization
stops, compare phase diagrams published in Ref. 1. Catalytic
effects of oxygen, water, and some metals on the diamond-
to-graphite transformation have been discussed in Refs. 2
and 3. The effect of oxidation in the production of graphite
on the surface of diamond has been explained in details in
Ref. 3. It was shown that even small amounts of oxygen have
a pronounced effect on the graphitization process.
In our previous studies we showed that different mecha-
nisms control graphitization of ~100! and ~111! crystal faces.4
In the former case, individual atoms break away from the
surface, one at a time, and these liberated atoms form gra-
phitic layers. In the latter case, whole sheets of carbon atoms
are lifted from the ~111! surface and after flattening they
form graphite crystals. In each case surface defects are be-
lieved to be the nuclei for graphitization.
In this study we examine the evolution of dislocation
structure in diamonds during the graphitization process. Dif-
ferent concentrations of dislocations were obtained by com-
pressing diamond powders at 2 GPa at various temperatures.
All results discussed in this paper refer to quenched samples,
recovered after the high temperature, high pressure treat-
ment. Two sets of diamond samples were investigated. In one
set of experiments we eliminated all external factors, except
oxygen, that promote diamond-to-graphite phase transforma-
tion. In the second, we accelerated graphitization by slowly
releasing water into the reaction chamber. After the pressure
was released and temperature reduced to room temperature
we studied microstructure of diamond samples, characterized
crystallite sizes and population of defects as well as the
quantity of graphite produced.0163-1829/2002/66~9!/094106~6!/$20.00 66 0941II. EXPERIMENT
A. Sample preparation
All samples were obtained from synthetic diamond par-
ticles ~General Electric Co.! of sizes 30–40 mm, compacted
under high-pressure high-temperature conditions. Experi-
ments were run in a cylinder-type apparatus at a pressure of
2.0 GPa at selected temperatures in the 1070–1760 K range.
A long heating time of 20 min was chosen for two reasons.
First, the phase transition of diamond to graphite reaches
equilibrium after 20 min. Second, we wanted to obtain the
most uniform stress distribution in the samples. After the first
10 min of high pressure–high temperature treatment the
magnitude of stresses varies widely as indicated by fluctuat-
ing x-ray bandwidths.5 The scatter in stresses is reduced with
elapsed time and after 20 min the peak broadenings are rela-
tively constant.
The details of the experimental setup are given in Ref. 2.
To reach high pressure a piston-cylinder system manufac-
tured by Rockland research was used. The pressure was gen-
erated by pushing the specimen placed inside a cylindrical
hole in a pressure vessel with a very snug-fitting tungsten
carbide piston. High temperature was achieved by passing a
current through a cylindrical graphite heater located inside
the pressure vessel. W3%Re/W25%Re thermocouple was
used to measure and control the temperature inside the
sample.2
Talc tubes were used for electrical isolation and as holders
for diamond powder. Two different sets of experiments were
conducted. In the first series we used raw talc, which during
heat treatment released water into the reaction chamber. Wa-
ter acted as a catalyst for the graphitization process. In the
second series of experiments we used water-free talc, which
did not exhibit catalytic effects. It was obtained from raw
talc by heating for 30 min at 1100 K. The heat-treated talc
did not produce water during subsequent heating. The
samples obtained using different talc holders will be referred
to as not-graphitized diamond ~obtained with the heat-treated
talc!, and graphitized diamond ~raw talc!. We assumed that in
both series of experiments, oxygen present inside the sample©2002 The American Physical Society06-1
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cess and the differences in the amount of graphite produced
was mainly caused by different concentration of another
catalyst, water.
High pressure, high temperature ~HPHT! experiments
were conducted according to the following protocol. In the
first step, at room temperature, the pressure was raised to 2
GPa. Next, temperature was increased to the desired value at
a rate of 200 K/min. The samples were kept at that tempera-
ture for 20 min and then the heating was stopped and the
pressure released. Then, the temperature was decreased at the
same rate of 200 K/min to the room temperature, and the
pressure released. Samples obtained by using the heat treated
talc at the maximum temperature of 1070 K, 1270 K, 1470
K, and 1760 K are called D0, D1, D2, and D3, respectively.
Samples that were allowed to partially graphitize are called
DG0 ~1070 K!, DG1 ~1270 K!, DG2 ~1470 K!, and DG3
~1760 K!. For sample DG0 the results were identical with
those for sample D0. These two samples will be referred as
D0.
B. X-ray diffraction experiments
X-ray diffraction spectra of samples recovered from high
pressure and high temperature treatment were obtained on a
conventional powder diffractometer ~Philips X’pert! using
Cu Ka radiation and pyrolitic graphite secondary monochro-
mator. For x-ray diffraction peak profile analysis the first five
peaks of diamond were measured individually by a special
double-crystal high-resolution diffractometer with a very
small instrumental broadening @with the sample to detector
distance l5500 mm D(2Q) instr50.012°] attached to a high
brilliance rotating anode ~Nonius, Holland!. In this latter
case monochromatized Cu Ka1 incident radiation was used.
C. Evaluation procedure of x-ray diffraction profiles
The evaluation of the peak profiles was performed by the
Multiple Whole-Profile fitting ~MWP! procedure.6,7 In this
method the Fourier coefficients of the measured profiles
were fitted by the product of the theoretical functions for size
(As) and strain (Ad) peak broadening. In the calculation of
the theoretical functions the crystallites were assumed to
have spherical form with log-normal size distribution and the
strains were assumed to be caused by dislocations. Accord-
ing to this model of the microstructure, the theoretical func-
tion for the size and strain Fourier coefficients are
AS~L !;
m3 exp~4.5s2!
3 erfcF ln~ uLu/m !&s 21.5&sG
2
m2 exp~2s2!uLu
2 erfcF ln~ uLu/m !&s 2&sG
1
uLu3
6 erfcF ln~ uLu/m !&s G , ~1!
and09410AD~L !5exp@2rBL2 f ~h!K2C¯ # , ~2!
respectively, where L is the Fourier variable, m is the me-
dian, and s is the variance of the log-normal size distribution
function, erfc is the complementary error function, r is the
dislocation density, B5pb2/2, b is the absolute value of the
Burgers vector, K is the absolute value of the diffraction
vector, h;L/Re , Re is the effective outer cutoff radius of
dislocations, and f (h) is a function derived explicitly by
Wilkens @see Eqs. ~A6!–~A8! in Ref. 8 and Eqs. ~22! and
~23! in Ref. 6#. C is the dislocation contrast factor which is
introduced to take into account the strain anisotropy of dis-
locations. For an untextured polycrystalline material or for a
single crystal with equally populated dislocation slip sys-
tems, the contrast factors in Eq. ~2! are the average of the
individual C factors either over the permutations of the indi-
ces of reflections, hkl or over the dislocation population.9
This contrast factor is called the average contrast factor, C¯ .
Based on the theory of peak broadening caused by disloca-
tions, it can be shown that in an untextured cubic polycrys-
talline specimen the values of C¯ are simple functions of the
invariants of the fourth order polynomials of hkl,10
C¯ 5C¯ h00$12q~h2k21h2l21k2l2!/~h21k21l2!2%, ~3!
where C¯ h00 is the average dislocation contrast factor for the
h00 reflections and q is a parameter depending on the elastic
constants of the crystal and on the character of dislocations
~e.g., edge or screw type!.
As a result of the MWP fitting procedure the median ~m!
and the variance ~s! of the size distribution, the density ~r!
and the character ~edge or screw! of dislocations were ob-
tained. The volume weighted mean crystallite size was also
calculated from the m and s values as6
^x&vol5m exp~3.5s2!. ~4!
III. RESULTS
The quantity of graphite obtained from diamond crystals
was determined from the x-ray powder diffraction spectra by
determining relative intensity ratio of the graphite ~002! and
diamond ~111! peaks. The graphite content ~see Fig. 1! in the
samples obtained using heat-treated talc was always below
FIG. 1. Graphite content ~vol %! after compressing at 2 GPa as
a function of temperature. Solid squares: graphitized diamond; open
squares: not-graphitized diamond.6-2
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ite was temperature-dependent, and for the highest tempera-
ture used, it reached 33%. These results are limited to the
crystals with 30–40 mm initial size. For crystals of other
sizes, different amounts of produced graphite may be
expected.2
High-resolution x-ray measurements conducted on a Non-
ius rotating anode diffractometer provided information on
crystal sizes and population of dislocations. These high-
resolution spectra were obtained for five peaks of diamond:
~111!, ~220!, ~311!, ~400!, and ~133!, the maximum number
of peaks observable with Cu radiation. In Fig. 2 we show
changes in the ~220! peak profiles for the not-graphitized
diamond. As temperature is increased, the peak width ini-
tially increases and after reaching a maximum at 1470 K it
decreases with increased temperature. Average crystallite
sizes, size distributions, dislocation structure, character, and
density were evaluated by the MWP method. In this analysis
the whole profiles of each peak were taken into account.
A. Sample D0
For sample D0 the ~111! and ~311! reflections were very
narrow, the full widths at half maximum ~FWHM! of these
peaks were equal to the instrumental broadening of 0.012°.
This means that the sample was composed of large crystals
probably much larger than 1 mm ~1 mm is approximately the
upper limit of the measurable size by x rays!. Using a very
narrow beam size of about 603100 mm cross section the
diffracted radiation was collected from only one large crys-
tal. Here we note that for measuring each reflection in the
case of the initial-state and the D0 specimen the samples had
to be oriented by turning the 3 axis goniometer in such a way
as if the specimen were single crystals. This means that in
these cases all the five reflections: ~111!, ~220!, ~311!, ~400!,
and ~133! correspond to the same crystallite. In that sense,
for these specimens, the experiment is a quasisingle crystal
diffraction experiment, rather than a powder diffraction ex-
periment. In Fig. 3 the FWHM values for sample D0 are
shown as a function of K (K52 sin u/l) in the classical
Williamson–Hall plot. The points in Fig. 3 do not follow any
smooth curve indicating strain anisotropy caused by disloca-
tions. In the modified Williamson–Hall plot, taking into ac-
count the anisotropic peak broadening caused by disloca-
tions, the FWHM is plotted as a function of K2C . In this
representation the points should follow a smooth quadratic
FIG. 2. ~220! peak profiles of not-graphitized diamond samples.09410curve.6 As mentioned before, in a texture free polycrystalline
materials or in a single crystal where the different slip sys-
tems are randomly populated by dislocations the average
contrast factors can be used.6 An attempt was made to apply
the average contrast factors in the modified Williamson–Hall
plot for sample D0 but the points could not be brought to
follow a smooth curve for any value of the q parameter @see
Eq. ~3!#. This means that only a specific dislocation slip sys-
tem is populated and therefore individual contrast factors
have to be applied in the modified Williamson–Hall plot.
Analyzing the individual contrast factors corresponding to all
twelve possible slip systems, it turns out that there is only
one single Burgers vector, for which, the contrast factors of
the ~111! and ~311! reflections are close to zero. Assuming
that the ~111! reflecting planes of the specimen are parallel to
the sample surface ~the specimen has been in the symmetri-
cal diffraction position! the only dislocation satisfying this
condition is of the edge-type and has the following param-
eters:
slip plane: ~11¯1¯ !,
Burgers vector: b5@011¯ # ,
line vector: l5@211# .
The individual contrast factors for this specimen with
these diffraction and Burgers vector conditions are given in
Table I. Using these values for the individual contrast factors
in the modified Williamson–Hall plot the FWHM values fol-
low a smooth quadratic curve shown in Fig. 4, justifying at
the same time the applicability of this model, in accordance
with the experimental conditions described in detail before.
Since the FWHM of the ~111! and ~311! reflections are prac-
FIG. 3. The classical Williamson–Hall plot of sample D0.
TABLE I. Dislocation contrast factors C for different indices of
reflections for the edge dislocations with the Burgers vector of
@011¯ # and the slip plane of (11¯1¯ ).
hkl C
111 0.0008
220 0.0354
311 0.0003
400 0.0144
133 0.01346-3
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clude that the broadening of the other three reflections is
only due to strain. The dislocation density has been evaluated
by fitting Eq. ~2! to the profile of the ~220! reflection. The
same procedure was applied to the initial diamond powder
and the dislocation densities for both samples are given in
Table II.
B. Samples D1, D2, and D3
For samples D1, D2, and D3 the concept of the average
dislocation contrast factors was working well, no additional
corrections were necessary. This is mainly due to the fact that
the size of the crystallites has been reduced to the nanometer
range. Therefore, in the present case the experiments are true
powder diffraction experiments unlike in the case of the D0
specimen. The dislocation structure and crystallite size dis-
tribution were determined by the MWP fitting procedure us-
ing the average contrast factors.6 In this case an additional
parameter, q, was obtained from the fitting procedure, which
depends on the elastic constants of the crystal and the edge
or screw character of dislocations. With the values for the
elastic stiffness constants given in Ref. 11 and assuming the
most common dislocation slip system in diamond with the
Burgers vector b5a/2^110&$111%, the values of q for pure
screw and pure edge dislocations in diamond are 1.35 and
0.30, respectively.12 The experimental value of q describes
the edge/screw character of dislocations. The crystallite size,
the dislocation density and the q parameter are summarized
FIG. 4. The modified Williamson–Hall plot of sample D0.09410in Table II. It can be seen that at the lowest temperature
~1070 K! only edge dislocations are present in the crystals.
When temperature is increased to 1270 K the q factor is 0.7,
i.e., screw dislocations appear. The q factor increases with
temperature and at 1470 K it reaches 1.2. This means that at
high temperatures the character of the dislocation structure
became more screw-type. Further temperature increase did
not effect the relative concentration of the screw disloca-
tions.
The crystallite size did not change significantly with tem-
perature, its value was about 50–80 nm. The dislocation den-
sity first increased rapidly with temperature and reached a
maximum at 1470 K, afterwards it decreased.
C. Samples DG1, DG2, and DG3
Samples DG1, DG2, and DG3 contained graphite. The
quantity of graphite produced at the lowest temperature,
1070 K, was close to zero. When temperature was increased
the quantity of graphite produced from diamond also in-
creased. At the highest temperature used about 33% of dia-
mond transformed into graphite.
Examples of measured and fitted Fourier transforms of the
diffraction profiles of the DG1 diamond sample are repre-
sented in Fig. 5. The average size of the crystallites for dif-
ferent specimens was about 60–100 nm, see Table II. In the
FIG. 5. Measured ~open circles! and fitted ~solid line! Fourier
transforms of the diffraction profiles of the DG1 diamond sample.
The difference between the two sets of curves is shown in the
bottom part of the figure.TABLE II. Graphite content ~volume percent! and microstructural parameters for diamond samples compressed at 2 GPa. m is the median
crystallite size, s is the size variance, ^x&vol is the volume-weighted mean crystallite size, r is the density of dislocations, and q is the factor
describing the character of dislocations.
Sample
T
~K!
Graphite
~%!
m
~nm! s
^x&vol
~nm!
r
(1014 m22) q
initial normal
diamond conditions 0.0 fl fl fl 0.3 fl
D0 1070 ,1.0 fl fl .1000 2.0 fl
D1 1270 ,1.0 43 0.35 66 8.5 0.7
D2 1470 ,1.0 37 0.25 46 12.0 1.2
D3 1760 ,1.0 58 0.27 75 7.0 1.1
DG1 1270 1.6 52 0.44 102 8.5 0.8
DG2 1470 19.0 60 0.40 105 5.0 0.6
DG3 1760 33.3 42 0.35 64 6.0 0.66-4
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were used. The calculated dislocation density for the sample
after treatment at 1270 K ~DG1! was the same as for the
not-graphitized samples, but for the sample heat treated at
1470 K it was about half the value obtained for the not-
graphitized diamonds obtained at the same conditions. The
character of dislocations in this case was changing from edge
type to mixed type, and above 1270 K remained constant,
with the q factor value of 0.6–0.7.
IV. DISCUSSION
As expected, increased temperature and compression of
diamond powder resulted in changes in crystallite sizes and
the population of dislocations. Different results were ob-
tained for samples that avoided graphitization and for those
that were partially graphitized.
Raw diamond crystals had a significant concentration of
dislocations which at high pressure conditions increased rap-
idly with increased temperature. The density of dislocations
was always greater in samples that were compressed and
heated in water free environments ~did not graphitize! than in
partially graphitized samples. At the lowest temperatures
used in our experiments the difference in the population of
dislocations between the sets of samples was very small, but
quickly increased and reached maximum at 1470 K and then
decreased with further increase in temperature, compare Fig.
6. The average density of dislocation does not characterize
the distribution of dislocations within the crystals. However,
it is safe to assume that this distribution is not uniform, and
largest concentrations of defects are expected in close prox-
imity of contact points where two crystals press one into
another. The smallest concentration is expected near voids
between diamond crystals. Mobility of dislocations increases
with increased temperature due to thermal activation. Dislo-
cations may move into the interior of the crystal, conse-
quently they do not impede the formation of new disloca-
tions at the contact points. As a result, the dislocation density
increases with temperature. As indicated by the increase of
the parameter q, screw dislocations with low energy are pref-
erentially produced at high pressure-high temperature condi-
tions. At very high temperatures ~1760 K! the dislocations
are annihilated as indicated by the decrease of the dislocation
density.
In wet atmosphere the diamond is graphitized on the sur-
FIG. 6. Dislocation density in graphitized ~solid squares! and
not-graphitized ~open squares! samples. Solid lines are shown to
guide the eye.09410face of the voids between the neighboring particles. The for-
mation of graphite on the surface around the contact points
lowers the shear stresses responsible for the dislocation pro-
duction by increasing the contact surface between the dia-
mond particles. The shear stresses are also decreased due to
hydrostatic pressure exerted by the compressed graphite
present in the voids between diamond crystals. To the con-
trary, in samples that did not graphitize, these voids are
empty and large shear stresses exist at all temperatures.
These effects are responsible for the lower dislocation den-
sity in the graphitized samples.
After the raw powder was compressed at 1073 K the av-
erage crystal size was still larger than 1 micron ~this is
around the upper limit of the crystal size measurable by the
x-ray technique!. When temperature was increased to above
1073 K, the average crystallite sizes were reduced to the
submicron range. In the case of graphite-free diamond, this
decrease continued up to 1470 K, when the average crystal-
lite sizes reached 46 nm. Later this process was reversed and
at 1760 K crystallite sizes increased to 75 nm. This effect
together with the decrease of the dislocation density is prob-
ably associated with polygonization of deformed crystals re-
sulted due to the rearrangement of the dislocation structure
into a lower energy configuration. This mechanism has been
outlined by Ziman.13
V. CONCLUSION
The influence of graphitization on strain relaxation in dia-
mond was investigated by evaluating the x-ray diffraction
peak profiles using the Fourier coefficients of ab initio theo-
retical sizes and strain profiles. The procedure allows deter-
mining the mean crystallite size, the distribution of sizes, and
the density as well as the character of the dislocations in-
duced in diamond crystals after HPHT treatment. The
method was applied to two different sets of samples. In one
case the graphitization of diamond was accelerated by the
presence of water catalyst, in another, graphitization of dia-
mond was practically nonexistent.
The size of diamond crystallites is reduced significantly,
by three orders of magnitude, by compaction at temperatures
higher than 1070 K. Responsible for this effect is the dislo-
cations formation in the bulk diamond micron size crystals.
At the maximum temperature of 1760 K used in our experi-
ments a strain relaxation by annealing is observed in not-
graphitized diamond.
Different dislocation densities were obtained for different
treatment procedures. It was found that for the significantly
graphitized diamond crystals the dislocation density was by a
factor of 2 smaller then for the crystals in which the graphi-
tization was prevented. Screw dislocations, which were prac-
tically absent in the initial powder, became abundant after
high pressure treatment at 1270 K. At increased tempera-
tures, in graphitized samples the relative concentration of
screw dislocations remained smaller than for not-graphitized
samples. We interpret these observations as a result of hydro-
static conditions formed in the sample after graphite filled up
the voids between diamond crystals.6-5
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